INTRODUCTION
The skin is the largest organ in the human body. Since a primary function of the skin is to serve as a barrier to the organism's environment, it surrounds the entire body. Thus, when humans are exposed to external ionizing radiation, skin is always exposed. Most human exposures result from medical procedures, routine work-related exposures, or radiation accidents. After high-dose (.5 Gy) exposures, which are most likely to occur during accidental radiation exposures (1, 2) , severe cutaneous damage may cause skin reactions such as erythema beginning at 2-4 weeks, dry or moist desquamation, ulceration and infection depending on the initial exposure dose (3, 4) . These responses likely result from failure of keratinocyte stem cells to repopulate the epidermis and break down in the microvasculature in the skin's dermis.
Usually skin is exposed to smaller single radiation doses during medical procedures. Recently stereotactic body radiosurgery procedures have become increasingly common, often delivering 20 Gy to the target in a single treatment. Depending on the site of the tumor, the skin may receive a very high single-dose exposure. Skin is usually exposed to small radiation doses during most diagnostic radiological procedures; the skin of patients undergoing fluoroscopic imaging may receive up to 4-7 Gy at a dose rate of 10 cGy min 21 . Diagnostic procedures rarely result in observable skin reactions (5, 6) . However, chronic skin responses have limited the single-fraction dose and total overall dose that could be delivered during radiation therapy. During standard static gantry radiotherapy, small areas of skin may absorb as much as 30% of each therapeutic dose fraction, or about 60 cGy per 2-Gy fraction. Larger areas of skin are exposed to smaller doses (about 10% of the therapeutic dose or 20 cGy of a 2-Gy fraction) using TomoTherapy instruments (B. J. Salter, personal communication). Thus diagnostic and therapeutic radiation procedures are designed to be in a dose range below that which would be expected to produce histological changes in the patient's skin. Since these radiological procedures are designed to limit cytological changes in the skin, one way to evaluate the response of skin to ionizing radiation exposure would be to examine ionizing radiation-induced changes in gene expression.
Several groups have used microarray technology to assess transcriptional changes that correlate with stimulation by ionizing radiation. Studies have been performed in several model organisms like the radiation tolerant bacteria Deinococcus radiodurans (7), Drosophila (8) and murine systems (9) (10) (11) . The majority of studies, with human-derived samples were performed using RNA from professional cell lines and not primary tissue cells. Some of the most frequent themes have been assessment of p53- (12) (13) (14) (15) (16) (17) (18) (19) and NF-kB- (16, 20) responsive genes since DNA damage and inflammation are frequent consequences of radiation exposure. It should be noted that experiments in cell systems without functional p53 also demonstrate a broad range of transcriptional responses to ionizing radiation (16, 21, 22) . However, across several studies, the genes involved fall into cell cycle, apoptosis, cytokine, DNA repair and stress response pathways. Some of the response pathways may reflect the particular cell types used or the use of established cell lines instead of primary tissue/cells. RNA expression in irradiated human fibroblasts (23, 24) and keratinocytes (25) (26) (27) has been examined previously. However, none of these studies included a side-by-side examination of radiation-induced gene expression in low-passage-number primary human fibroblasts and keratinocytes from the same patients. Thus we wanted to examine RNA expression changes in primary skin cells exposed to a broad dose range (10 cGy-5 Gy) of ionizing radiation.
In this study, we isolated primary fibroblasts and keratinoctyes and examined gene expression induced in low-passage primary skin cells 4 h after exposure to (10 cGy-5 Gy) of low-LET ionizing radiation. We found that there was a significant difference in the basal RNAs expressed in the two cell types. We identified 279 genes across both cell types whose expression appears to be altered after exposure to ionizing radiation. When we compared all the irradiated samples to the nonirradiated samples, we found that exposure to ionizing radiation increased the expression of 98 unique RNA species, 25 of which exhibited a greater than 1.5-fold change. These changes were primarily of p53 target genes. Using the experimental samples at particular radiation doses, we identified 59 genes at doses $1 Gy that demonstrated radiation responsiveness. In addition, we found that specific RNA expression changes could be arranged into three main categories: (1) greater changes in keratinocytes but smaller changes in fibroblasts (69 genes), (2) greater changes in fibroblasts but smaller changes in keratinocytes (95 genes), and (3) changes in both (nine genes). In addition, a similar set of radiation-induced changes was induced in immortalized fibroblasts or keratinocytes. For the most part, both Q-PCR on three separate donors and Western blot analysis validated these transcription changes. Our results are consistent with changes in the expression of at least some p53 target genes as indicating the magnitude of cell response to ionizing radiation.
MATERIALS AND METHODS

Tissue Collection, Preparation of Primary Skin Cells and Cell Treatment
Discarded human neonatal foreskins were collected from the LDS Hospital in accordance with the University of Utah's Institutional Review Board Policies (IRB no. 9476). The tissue was collected at room temperature in 13 Ham's F12 medium (Gibco) supplemented with antibiotic-antimycotic solution (Gibco-BRL 15240-039). The skin was dissected into approximately 5-mm 2 sections and fibroblasts or keratinocytes were isolated as described elsewhere (28) . In brief, skin sections were incubated overnight at 4uC in 1 ml of 5 mg Dispase II (Roche catalog no. 165859)/ml phosphate-buffered saline (PBS) in 35-mm petri dishes. The epidermis was peeled from the dermis and incubated in 0.05% trypsin (Invitrogen catalog no. 25300-054) in PBS for 5 min at 37uC to dissociate keratinocytes. Dissociated keratinocytes were recovered by centrifugation and placed in 25-cm 2 T-25 flasks in serum-free keratinocyte medium (SFKM, Invitrogen) containing about 70 mM calcium (Invitrogen, personal communication) supplemented with antibiotics until they had reached 50-60% confluence (considered passage 0). At 50-60% confluence, keratinocytes were recovered from flasks with 0.25% trypsin, diluted 1:3 and subcultured (each subculture considered an additional passage) into new flasks. The skin's dermis was cut into small pieces and placed into 1-2 ml of 200 U/ml collagenase for 60 min at 37uC. The collagenase solution was diluted 1:10 with PBS and the fibroblasts were pelleted, resuspended in F12 medium containing 10% fetal bovine serum, and placed into 25-cm 2 T-flasks (considered passage 0). At 60-70% confluence, fibroblasts were recovered with 0.05% trypsin and diluted 1:10 into another T-25 flask (each subculture was considered one additional passage). In the following experiments, cultured skin cells were used experimentally by passage number 5. The primary cells were grown to confluence and maintained quiescent for 1 week prior to irradiation and RNA collection.
Human fibroblasts (HCA2) and keratinocytes (N-Tert1) immortalized with the human telomerase reverse transcriptase (h-TERT) were obtained from Dr. Judith Campisi, Life Sciences Division, Lawrence Berkeley National Laboratory, and Dr. James Rheinwald, Department of Dermatology, Brigham and Women's Hospital and Harvard Skin Disease Research Center (29) , respectively, and treated in a manner similar to the primary skin cells. Flasks were fed every 48 h and were used in experiments 16 h after being fed. Each repeat experiment used fibroblasts and keratinocytes from separate individuals. Both cell types were allowed to grow to confluence and remain in confluence for at least 2 days before they were irradiated with c rays using a J. L. Shepherd Mark I 137 Cs Irradiator at a dose rate of 4.7 cGy/min with internal shielding or 4.7 Gy/min without shielding. Cells were replaced at 37uC immediately after irradiation and collected at various times, as indicated in the text. Cells were washed with physiological saline and collected by scrapping the cells into RLT buffer (Qiagen, Valencia, CA) for RNA collection or into RIPA buffer (Pierce) for protein collection. Fluorescence microscopy of cultured cells was performed as described previously (25, 28) .
Immunohistochemical Analysis of Neonatal Skin
Neonatal skin was collected, cut into 0.5-cm-diameter pieces, and fixed for 24 h in 10% neutral buffered formalin at ambient temperature. The tissue sections were taken to the University of Utah Pathology (ARUP) Laboratory where they were embedded in paraffin using standard procedures, and 4-mm-thick cross-sections were cut and collected onto slides. Sections were deparaffinized in xylene and hydrated in a graded series of ethanol before applying the primary antibody (Ki67). Pretreatment of the sections by heatinduced epitope retrieval was performed in an electric pressure cooker (Biomedical Care Decloaking Chamber, BioGenex Laboratories, San Ramon, CA) for 30 min in citrate buffer (pH 6.0). Staining was performed on an automated Ventana NexES immunohistochemical stainer (Ventana Medical Systems, Tucson, AZ) by applying a biotinylated secondary antibody followed by streptavidin-horseradish conjugate and the chromogen diaminobenzidine (Basic DAB kit, Ventana Medical Systems, Tucson, AZ). Slides were stained with hematoxylin and eosin. Immunoreactive (Ki67-stained) keratinocyte DIFFERENTIAL RADIATION RESPONSE OF SKIN-DERIVED CELLS nuclei, primarily in the basal layer of the epidermis, were dark brown, and nonimmunoreactive nuclei were stained blue with hematoxylin. Immunoreactive or non-immunoreactive nuclei in the dermis (fibroblasts) or epidermis (keratinocytes) were counted in at least five separate high-power fields comprising at least 4,000 total nuclei counted.
Microarray Expression Analysis
The microarray experiments were performed using Agilent 44K (human whole genome) oligonucleotide microarrays (Agilent, Santa Clara, CA) and processed on site in the Microarray Resource located within the Huntsman Cancer Institute. For these experiments, we used total RNA from one patient sample as well as total RNA from the immortalized cell lines.
After irradiation, the cell cultures were placed back into an incubator and RNA was collect after 4 h. RNA concentration was determined with a Nanodrop spectrophotometer, and sufficient total RNA was recovered using the Qiagen RNeasy minikit protocol for the analysis (for the primary fibroblasts, we averaged ,7 mg per 25-cm 2 flask; for the immortalized fibroblasts, we averaged ,16 mg per 25-cm 2 flask; for the primary keratinocytes, we averaged ,50 mg per 25-cm 2 flask; and for the immortalized keratinocytes, we averaged nearly 60 mg per 25-cm 2 flask). Quality of the RNA was monitored using an Experion automated electrophoresis station (Bio-Rad, Hercules, CA) with standard sensitivity RNA chips. Agilent labeling kits were used to amplify and generate Cy-dye-labeled cRNA for hybridization to Agilent oligonucleotide arrays.
Transcript levels were assessed on each channel and quantified by Agilent Feature Extraction software. This software preprocesses the data as follows. Local background is subtracted, irregular spots are flagged, and global linear regression (lowess) normalization is performed, and this ratio is log transformed. We import the data into TIGR MEV 3.1 software for further analysis. Generally, we use a supervised strategy to identify the genes with the greatest significant differences between cells stimulated with radiation compared to unstimulated cells using the Significance Analysis for Microarrays (SAM) (30), Pavlidis Template Matching (PTM) (31), Rank Products Analysis (RP) (32) , Gene Set Enrichment Analysis (GSEA) (33) , and Expression Analysis Systematic Explorer (EASE) (34) methodologies. The data used in these analyses have been deposited in the Gene Expression Omnibus (GEO accession number: GSE14466).
Quantitative PCR Analysis
Quantitative PCR (QPCR) was performed to validate the microarray data plus two additional primary skin-derived samples. All amplicons were designed to be less than 150 bp in length, with primers that would anneal at about 58uC, and span an intron of the gene of interest in its genomic context. Primers used included: CDKN1A forward 59-CCTCATCCCGTGTTCTCCTTT-39, and CDKN1A reverse 59-GTACCACCCAGCGGACAAGT-39; NINJ1 forward 59-TCATCTCCATCTCCCTTGTGCT-39, and NINJ1 reverse 59-AGTCCAGCTTGGCGTGCTT-39; SESN1 forward 59-TACCTCAATGCTTAGACGGGCA-39, and SESN1 reverse 59-TCAGGAGTGCAAACAACAGTTT-39; HPRT1 forward 59-TGA-CACTGGCAAAACAATGCA-39, and HPRT1 reverse 59-GGTCCTTTTCACCAGCAAGCT-39. HPRT1 was used as the internal control to measure relative changes in expression.
Copy number standards were generated by cloning the amplicon of all PCR products except CDKN1A into the pSC-A PCR system (Agilent/Stratagene). CDKN1A standards were generated from an expression vector containing the coding sequence that we have used previously (35) . Since the amount of RNA was limiting for some samples, mRNA was amplified using MessageAmp II amplification kits (Ambion/Applied Biosystems, Austin, TX). From the cRNA, 500 ng of RNA was used for first-strand cDNA synthesis using Superscript III (Invitrogen, Carlsbad, CA) and random nonamer primers (150 ng/reaction). The cDNA was diluted 1:5 and then used in SYBR Green I (Cambrex) quantitative PCR assays [using Biolase DNA polymerase, dNTPs, magnesium chloride, and NH 4 reaction buffer (Bioline, Tauton, MA)].
Cell Protein Collection, Gel Electrophoresis and Analysis by Western Blotting
After treatment, cell cultures were replaced into the incubator for the times indicated in the text. Cell protein was collected by scraping cells into a RIPA buffer (Pierce) supplemented with a 1:100 dilution of a protease inhibitor cocktail (Sigma catalog no. P1860), a serine phosphatase inhibitor cocktail (Sigma catalog no. P-2850), and a tyrosine phosphatase inhibitor cocktail (P-5726). Protein content was determined using a Bradford colorimetric reaction (Bio-Rad). For primary fibroblasts, we averaged 172 mg protein per T-25 flask, and for primary keratinocytes, we averaged 296 mg protein per T-25 flask. Protein samples (approximately 10 mg/lane) were electrophoresed b Fixed and paraffin-embedded, intact neonatal skin or cultured, confluent, primary skin fibroblasts or keratinocytes were analyzed for the expression of the Ki67 or the TopoII alpha epitope by immunohistochemistry (fixed tissues) or immunofluorescence (fixed cells). Results are expressed as the fractions of cells that were immunostained. Greater than 25% of dermal endothelial cells stained for expression of the Ki-67 epitope.
c Untreated skin epidermis or dermis, confluent fibroblasts or keratinocytes were analyzed by Western blotting for the expression levels of the p53 protein using the clone DO1 monoclonal antibody. The level of expression relative to epidermis in the skin or relative to keratinocytes in cultured cells (i.e., p53 ratio) was determined by scanning exposed photographic films.
d The relative expression levels of p53 phosphorylated at serine 15 or CDKN1A, normalized to actin and then to the level in epidermis or keratinocytes set at 1.0, was determined in epidermis or dermis of ex vivo skin or in keratinocytes or fibroblasts 60 min after exposure to 2 Gy. In all cases, the average of three separate repeat determinations is used.
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through NuPage (Invitrogen) Bis-Tris, 4-12% polyacrylamide gradient gels (Invitrogen) in MES/Tris-SDS running buffer at 150 V and electrotransferred onto a PVDF membrane at 240 mA at 4uC. Gels were stained with Sypro Ruby total protein stain (Molecular Probes catalog no. S12000), imaged with a FX Imager (Bio-Rad) and the images quantified using Quantity One software (Bio-Rad).
Alternatively, protein was electrotransferred to the PVDF membranes and detected using primary antibodies (see below) dissolved in Tris-buffered saline (TBS) containing 0.1% Tween 20 and 5% NFDM. Primary antibodies were identified using a horseradish peroxidase (HRP)-labeled secondary antibody and exposure to Amersham Hyperfilm ECL photographic film using Amersham ECL chemiluminescence reagents according to the manufacturer's recommendations. Exposed films were scanned with a Bio-Rad Model GS-700 Imaging Densitometer and quantified using Quantity One software. Density units for each gel band were corrected for variations in loading using the actin or tubulin protein as an internal loading standard.
Antibodies
The mouse monoclonal antibody, clone DO-1 (catalog no. OP43) against the p53 protein was purchased from Calbiochem. A mouse monoclonal antibody against a-tubulin (catalog no. 32-2500) was purchased from Zymed. Mouse monoclonal antibodies against CDKN1A (catalog no. OP64) and MDM2 (catalog no. OP146) were purchased from Oncogene/Calbiochem. A goat polyclonal antibody against Sestrin (catalog no. sc-9506) and a goat polyclonal antibody against human actin (catalog no. sc1616) were purchased from Santa Cruz Biotechnology. A mouse monoclonal antibody against Ninjurin 1 (catalog no. 610776) was purchased from BD Transduction Laboratories. A mouse monoclonal antibody against involucrin (catalog no. MS-126-P) was purchased from NeoMarkers. A mouse monoclonal antibody against Ki-67 (catalog no. M7240) was purchased from DAKO USA. A mouse monoclonal antibody against DNA topoisomerase II a was provided by Dr. Joe Holden of the University of Utah Department of Pathology (36) .
RESULTS
Characterization of Cultured Skin Cells
In this study, we wanted to examine the impact of ionizing radiation exposure on gene expression in cultured skin cells. Since few fibroblasts or keratinocytes are cycling in the intact skin, we assumed that confluence would best mimic the in vivo growth conditions of both fibroblasts and keratinocytes. To test this assumption, we examined the expression levels of proliferation-specific proteins in confluent skin cells using fluorescence microscopy and in intact neonatal human skin by immunohistochemistry (Table 1 and Supplementary Information). When methanol-fixed, confluent monolayers of fibroblasts were stained for the expression of the Ki67 (a proliferation-related protein) or topoisomerase II alpha (a protein expressed DIFFERENTIAL RADIATION RESPONSE OF SKIN-DERIVED CELLS primarily in the G 2 phase of the cell cycle) epitopes, less than 1% of the cells were stained by either antibody. This level of staining is similar to the level (i.e., less than 1%) observed in the dermis of intact, neonatal human skin (Table 1 ). Thus we assume that confluent fibroblasts mimic the growth state of fibroblasts in the skin's dermis in vivo. In contrast, when confluent keratinocytes were stained for the expression of Ki67 or topoisomerase II alpha proteins, approximately 75 and 12%, respec-
Hierarchical clustering of the 98 genes that were identified by one-way SAM demonstrating a radiation-induced effect on transcription. The samples are identified at the top, under the heat map scale for gene expression changes, for primary keratinocytes (priKC), immortalized keratinocytes (immKC), primary fibroblasts (priFB), and immortalized fibroblasts (immFB). The dose of ionizing r radiation is indicated at the top in cGy (10, 100, 500). Genes are identified along the right by their official gene symbols. Three genes, SESN1, CDKN1A and NINJ1, are indicated with arrows because they were the focus of additional analyses.
FIG. 3. Expression profiles for genes identified by Ranked
Product (RP) analysis. Panel A: Expression profiles of genes found to be induced at 1 Gy. Panel B: Expression profiles of genes found to be induced at 5 Gy. Listings of the specific genes can be found in the supplementary tables. Cell types and doses are annotated as in Fig. 2. tively, of the cells were stained. When we examined neonatal skin by immunohistochemistry (Fig. 1) , the levels of expression of these two proteins in intact skin epidermis were found to be approximately 6 and 2%, respectively. Thus more keratinocytes appear to be capable of cycling in confluent monolayer cultures than in the in vivo skin epidermis.
To further examine the state of confluent keratinocytes, we measured the expression of the differentiation protein involucrin by Western blot analysis. When grown in low-calcium (about 70 mM) SFKM medium, the cellular content of p53 protein increased approximately 10-fold as the keratinocytes approach 100% confluence (Fig. 1A) . If keratinocytes reached confluence and were fed every 2 days with low-calcium medium, the level of p53 remained relatively high and the level of involucrin, differentiated keratinocyte protein characteristic of suprabasal keratinocytes in the skin's epidermis (37, 38) , remained relatively low (Fig. 1B) . When keratinocytes were shifted to SFKM containing 1.2 mM calcium, p53 content declined rapidly and the level of involucrin increased rapidly (Fig. 1C) . While monolayers of confluent keratinocytes in both 70 mM and 1.2 mM calcium exhibited a similar cobblestone appearance, only keratinocytes cultured in 1.2 mM calcium expressed high levels of involucrin and became significantly flattened. Since p53 is expressed primarily in the basal layers of the epidermis (39-41) while very little involucrin is expressed in the basal layer, we conclude that keratinocytes maintained in lowcalcium confluent culture are more characteristic of keratinocytes in the basal layer of the neonatal skin's epidermis.
Gene Expression Analysis
We examined the differences in expression between the primary keratinocytes and primary fibroblasts as well as differences between the immortalized keratinocytes and immortalized fibroblasts. In both comparisons, we observed .8000 array elements indicating differential expression among the cell types. This number is large compared with the total number of array elements, and therefore it is difficult to normalize these arrays for further analysis. However, these differences in expression suggest clear phenotypic distinctions of the cell types. In all other microarray experiments, the expression profile of an experimental sample exposed to radiation was normalized to the nonirradiated sample of its corresponding cell type. We These genes were chosen because they show cell type selective radiation responsiveness. SESN1 showed responsiveness in both fibroblasts and keratinocytes, while the CDKN1A response was more pronounced in fibroblasts and the NINJ1 response was more r pronounced in keratinocytes. SESN1, CDKN1A and NINJ1 profiles are depicted with black lines, and the additional genes are depicted with gray lines. Listings of the specific genes can be found in the supplementary tables. Cell types and doses are annotated as in Fig. 2 .
DIFFERENTIAL RADIATION RESPONSE OF SKIN-DERIVED CELLS next exposed primary or immortal skin cells to increasing radiation doses (i.e., 10 cGy, 1 and 5 Gy) and collected total RNA 4 h after exposure to assess gene expression by microarray analysis. We can identify hundreds of genes (EASE analysis confirmed that genes involved in extracellular matrix production have reduced expression while cell cycle genes are potentiated) with differential expression between the primary and immortalized cells, but when comparing the responses to ionizing radiation between these cells and cell lines, the radiation responses are not detectably different. Significance analysis was not able to identify genes with compelling differences in radiation response.
Using the entire data set, and without regard for the differences in radiation dose, we used one-way Significance Analysis of Microarrays (SAM) and selected the top ,100 genes that displayed an ionizing radiation response in the human skin cell samples. The SAM analysis identified 106 features, representing 98 unique genes that displayed altered gene transcription resulting from radiation exposure and displayed median false discovery rate (FDR) of ,4% (Fig. 2, supplementary  tables) . Some of these genes demonstrated only modest changes in expression, and less than 25% of these genes showed, on average, greater than 1.5-fold changes in expression between the ionizing radiation-treated and control cells. EASE annotation analysis using the Gene Ontology and KEGG data sets suggested that genes involved in DNA damage responses and apoptosis were the most enriched gene sets.
Since the microarray data displayed only modest alterations in expression, rank ordering data can be an effective way to evaluate gene expression changes when the signal is modest compared to the noise. For each dose of ionizing radiation, we used Rank Products (RP) 88 analysis but did not find genes that displayed differential gene expression compared to the control cells at 10 cGy. However, with the 1-Gy samples, we observed 13 genes that displayed increased expression after irradiation and included the annotated genes SESN1, CDKN1A, GDF15, FDXR and HSPA4L as well as seven poorly annotated genes (Fig. 3A, supplementary tables) . A similar analysis using the 5-Gy samples identified 58 genes, with 39 overlapping with those identified previously by SAM (.65% overlap), but additional genes identified included GADD45A and PCNA, genes that have frequently been associated with p53 and ionizing radiation responsiveness (42, 43) (Fig. 3B, supplementary tables) . All of the genes identified in the 1-Gy samples but one also were found to be induced in the 5-Gy samples.
While these analyses indicate that we were able to identify few robust changes, several aspects of this analysis must be noted. (1) Many, if not most, of the genes that show differential expression are consistent with p53 regulation (i.e. MDM2, CDKN1A, SESN1, BBC3, TP53INP1, WIG1, CCNG1, NINJ1, BTG2, FBXW7, GDF15, FDXR, GADD45A, PCNA and RRM2B). (2) These experiments were from a single time that was designed to examine relatively early changes in expression that may become more robust at another time. (3) These analyses did not use the entire radiation dose response or account for the cell types. Therefore, when we examined the expression profiles of these genes among both keratinocytes and fibroblasts, we looked for genes that demonstrated profiles that may correspond with the radiation dose by Pavlidis Template Matching (PTM) (31) and subsequent Gene Set Enrichment Analysis (GSEA) (33) . Using PTM to identify genes that demonstrated cell-type specific responses to the ionizing radiation, we identified the p53-regulated genes SESN1, CDKN1A, and NINJ1 as templates for additional analysis.
The expression profile of SESN1 appears to correlate highly with radiation dose in both keratinocytes and fibroblasts. The SESN1 profile was used as a seed profile to find genes that show a similar response using PTM. We selected genes by allowing for absolute R values greater than 0.85 and with a P , 0.0001 and found that only eight additional genes were similar to the SESN1 profile (Fig. 4A, supplementary tables) . Since this gene set was small, we used a complementary approach; we reevaluated the entire gene set using GSEA. Again, this method rank orders the expression profiles in an attempt (45) . GSEA identified 28 genes as significantly enriched in these gene sets with 20 overlapping with genes identified in the analyses described previously (.70% overlap). The eight additional p53-regulated genes were PMAIP1, ENC1, P53AIP1, BAX, XPC, FOS, IER3 and DUSP14.
CDKN1A has consistently been linked with p53 function and was identified in the original SAM analysis of ionizing radiation samples at a dose of 5 Gy (30). However, CDKN1A was not identified as displaying a SESN1-like profile among these skin cell experiments. CDKN1A, displayed a much more pronounced radiation dose response in the fibroblasts and the immortalized keratinocytes (to a lesser degree) but showed little response in the primary keratinocytes. Therefore, we performed PTM using CDKN1A as the seed profile. With similar cut-offs, we found 94 additional genes with high similarity to the CDKN1A profile (absolute R . 0.85 and P , 0.0001) (Fig. 3B, supplementary tables) .
Since the expression profile of CDKN1A indicated that there may be radiation response distinctions between primary fibroblasts and keratinocytes, we identified NINJ1 as a candidate for a more profound response in the keratinocytes. Again, we used the NINJ1 profile for PTM analysis and found 68 additional genes that fit the criterion we indicated above (R . 0.85 and P , 0.0001) (Fig. 3C, supplementary tables) . NINJ1 had been identified previously as a radiation responsive gene in the skin, but at a considerably higher dose (46) .
Since there was considerable overlap among some of the gene sets identified in the analysis described above, Venn diagrams were used to explore the interrelationships of the genes found. When we examined the overlap of the SAM, PTM and RP analyses (Fig. 6A) , we identified 14 core elements; seven were poorly annotated, but six were characterized as p53-modulated genes: SESN1, CDKN1A, NINJ1, FBXW7, C12orf5 (also known as TIGAR) and BBC3. However, as indicated above, the PTM analyses using SESN1, CDKN1A and NINJ1 as templates did not display much overlap, and thus the interrelationships of these genes with the genes identified using SAM were explicitly analyzed for overlap. Because these genes were chosen for distinct profiles, it was not surprising that there was minimal overlap (Fig. 6B) . Overall, 279 genes were identified in these analyses, including the eight p53-regulated genes that GSEA indicated were enriched that were not identified in the other analyses.
To validate the expression profiles observed with the microarrays and evaluate the consistency of the response, fibroblasts and keratinocytes from three donors were grown and the relative expression of SESN1, CDKN1A and NINJ1 was evaluated by quantitative PCR using HPRT1 as an internal expression control gene (Fig. 7A-C, respectively) . The QPCR demonstrated greater changes in gene expression than were observed in the microarray samples. The CDKN1A, NINJ1 and SESN1 keratinocyte profiles correlate well with the microarray expression data; however, the SESN1 fibroblast profile did not demonstrate the magnitude of ionizing radiation-dependent expression to the SESN1 keratinocyte profile that would have been expected from the microarray data. Still, SESN1 expression in the fibroblasts did show an increase at the highest dose evaluated (Fig. 7A) . These samples demonstrated reasonably consistent expression profiles across the donor samples, especially for SESN1 and NINJ1. The fibroblast data for CDKN1A indicated that not all samples respond similarly, with two of the donor samples displaying increased CDKN1A expression that was very similar across the dose range used, while one donor displayed a minimal response to the radiation.
Protein Expression Analysis
We then validated RNA expression results by examining cell protein changes by immunochemical analysis. Protein was collected from untreated fibroblasts and keratinocytes. The concentration of protein in each cell extract was estimated using the Bradford reaction, and approximately 10 mg of cell protein was electrophoresed through each gel lane. Gels were stained with Sypro Ruby fluorescence protein stain and imaged with a Bio-Rad imager. We assumed that equal Sypro Ruby stain could be used to equalize the amount of protein from each cell type. Western blot analysis was also performed on a similar set of gels to determine the relative levels of expression of p53 and p53-target proteins in keratinocytes and fibroblasts. Per equivalent protein, the level of expression of total protein (estimated by Sypro Ruby staining), alpha tubulin, TP53, CDKN1A, MDM2, SESN1 and NINJ1 in primary keratinocytes relative to primary fibroblasts was 1.24, 0.3, 19.6, 0.4, 2.3, 50.0 and 5.3, respectively.
Primary fibroblasts or keratinocytes were exposed to 5 Gy of c radiation, replaced at 37uC, and collected at various times after treatment, as indicated, for Western blot analysis. Changes in the level of p53 protein per cell were used to indicate whether cells actually responded to radiation. The cellular level of p53 increased in both cell types after irradiation, with the maximum level of p53 observed at 2 h (an increase of 7.7 or 2.8 in fibroblasts or keratinocytes, respectively). The level of p53 returned to untreated levels by 4 h in keratinocytes, while it remained high for up to 8 h in irradiated fibroblasts.
In addition to p53 protein levels, we evaluated the protein expression levels of the representative genes evaluated by QPCR above (Fig. 8) . SESN1 protein levels remained about the same for up to 8 h after fibroblasts were exposed to 5 Gy; there was a significant increase in SESN1 in irradiated keratinocytes. These results are more similar to the QPCR results, where there was a significant increase in SESN1 in irradiated keratinocytes and practically none in the fibroblasts. In contrast, with the microarray results, there was an increase in SESN1 in both fibroblasts and keratinocytes, the increase being greater in the fibroblasts. A radiationinduced increase in the CDKN1A protein was observed in both keratinocytes and fibroblasts. The increase was more robust in keratinocytes than in fibroblasts. In contrast, both the microarray and QPCR analyses indicated that there is a significantly greater increase in the CDKN1A RNA in fibroblasts than in keratinocytes. In contrast to both the microarray and QPCR results where NINJ1 RNA increased postirradiation more robustly in keratinocytes, Western blot analysis indicated that there was a more or less equivalent increase in the level of the NINJ1 protein in both keratinocytes and fibroblasts.
DISCUSSION
Humans are frequently exposed to ionizing radiations from medical procedures, occupational exposures or accidental exposures. High-dose whole-body exposures greater than 2.5-5 Gy, as might be expected from accidental exposures, produce well-characterized wholebody responses that are predictive of exposure dose (47) . Recognizable morphological and cytochemical changes are also observed in human skin exposed to doses in this range (6, 48) . At the lower radiation doses (i.e., less than 50 cGy) used in most medical radiological procedures, normal tissue, including the skin, is spared as much as possible. This results in few if any visible or cytochemical changes in exposed skin. Thus at these lower radiation doses there are no readily available markers that predict either the exposure dose or the likely response of the exposed individual. The question we wanted to ask in this work was whether cells of normal tissue recognize and respond to radiation exposures below 50 cGy, and if so, whether any of the resulting response elements are robust enough across this low-dose range to be useful predictors of low-dose exposures.
To answer these questions, we evaluated the early radiation response of the two most common skin cell types, primary fibroblasts, which represent the dermis, and keratinocytes, which represent the epidermis. For certain genes, it is noteworthy that two distinct cell types had a similar dose response (Figs. 3 and 4A) . We assumed that the radiation response of confluent primary skin cells would reflect the response of their counterparts in intact skin. Another benefit of using confluent cells is that confluent cell cultures should minimize the impact of gene or protein changes that are dependent on cell cycle signaling, which occurs exclusively in proliferating cell cultures (49) . Transcriptional responses to ionizing radiation over a broad dose range frequently produce alterations in genes or gene products consistent with cell cycle phase arrest and repair in skin cells (16, 24, 50, 51) . Confluent cultures of fibroblasts exhibited an extremely low level of proliferation that is characteristic of fibroblasts in the intact skin's dermis (Table 1 ). In contrast, keratinocytes grown to confluence in our low-calcium medium retain a higher content of p53 (Fig. 1) , a higher proliferation rate (Table 1) , and a higher content of the differentiation protein involucrin (Fig. 1) than keratinocytes in the skin's epidermis or keratinocytes cultured in 1 mM calcium medium (52, 53) . Thus the keratinocyte cultures used in our experiments were more similar to keratinocytes in the basal layer of the skin than the more differentiated keratinocytes in the outer layers of human skin.
Confluent fibroblasts in culture appear to mimic fibroblasts in the intact skin dermis adequately. Designing a cultured keratinocyte model that adequately mimics keratinocytes in vivo is more difficult since keratinocytes are in multiple proliferative and differentiation states in the epidermis. Basal layer keratinocytes are a dividing transit cell compartment and divide to DIFFERENTIAL RADIATION RESPONSE OF SKIN-DERIVED CELLS replace themselves as well as the terminally differentiating, noncyling keratinocytes in the suprabasal layers of the epidermis. Thus keratinocytes in the epidermis have a slowly cycling component (i.e., the basal cells) and a noncycling and differentiated component (i.e., the squamous and spinous cells) (37) . Since we found that subconfluent keratinocytes proliferate three to four times faster in low (about 0.07 mM) extracellular calcium than in 1.2 mM calcium, healthy monolayers of primary keratinocytes were produced in low calcium. Ninety-three percent of cycling keratinocytes were found to be stained with the Ki67 antibody, and 62% of these cells were stained with the topoisomerase II alpha antibody. While keratinocytes maintained in confluence in low extracellular calcium retained the capacity to proliferate (75%, as shown by their Ki67 stainability; Table 1 ), they have a small cycling component (about 10% cycling as shown by their staining for topoisomerase II alpha expression; Table 1 ). These observations indicated to us that confluent keratinocytes maintained in low extracellular calcium mimic the basal keratinocytes in the intact skin epidermis that cycle slowly and retain the capacity to proliferate (Fig. 1 In a preliminary experiment, we found that confluent keratinocytes left in high extracellular calcium for 7 days or epidermis exhibited thousands of up-regulated genes, including the keratins 1 and 10, involucrin, loricrin and transglutaminase 1, 3 and 5, as well as thousands of down-regulated genes relative to proliferating keratinocytes. Thus confluent keratinocytes in high extracellular calcium are characteristically different from keratinocytes in low calcium and have properties that are much more similar to those of the differentiating or highly differentiated keratinocytes in the suprabasal layers of the epidermis. Since exposing human skin to ionizing radiation is more likely to induce basal cell carcinoma (56), we decided to examine cultured keratinocytes (i.e., confluent keratinocytes in low extracellular calcium), which are most similar to basal keratinocytes.
It is questionable whether 2D-cultured keratinocytes can completely mimic keratinocytes in the 3D environment of the in vivo epidermis. Ultimately a more informative approach is to examine keratinocytes in a 3D environment. In the 3D environment, keratinocytes interact not only with each other but with other cell types both in the epidermis and in the dermis. One 3D model system that might serve this purpose is synthetic skin, or a skin equivalent, produced by combining primary human skin fibroblasts and keratincoytes. Skin equivalent systems are available commercially (e.g., www.matek.com). A 3D system that is most likely to mimic the response of keratinocytes to ionizing radiation would be intact human skin. Since it is unethical to irradiate healthy individuals to examine ionizing radiation responses, alternative models would be ex vivo human skin irradiated in vitro (57) or skin recovered from patients irradiated during radiation therapy (58, 59) . Results in whole skin recovered from irradiated patients should be considered the ''gold standard'' for radiation-induced changes in human skin gene expression changes. In a group of studies of this nature, it was found that exposure to ionizing radiation up-regulated transcription of genes involved in the Akt/phosphoinositide-3-kinase pathway, the growth factor/insulin pathway, the inflammation pathway, the stress/apoptosis pathway, and the transforming growth factor b/cyclin/ ubiquitin pathway.
When RNA was recovered from these confluent cell cultures, the RNA expression profile quantified using Agilent microarrays was significantly different in fibroblasts and keratinocytes. However, the majority of the radiation-responsive genes displayed low levels of transcriptional alterations; only 113 genes were reproducibly expressed with a twofold difference. There were no significant differences in radiation response in the RNA expression profiles of primary cells and their telomerase (hTERT)-immortalized counterparts. Thus it is likely that comparisons between radiation-induced changes in RNA expression in immortalized skin cells may provide results similar to those produced in primary skin cells.
Confluent primary fibroblasts or keratinocytes were exposed to a wide range of doses of ionizing radiation (10 cGy to 5 Gy) and collected 4 h after treatment, and their RNA profiles were analyzed by microarray analysis. The microarray analysis demonstrated that radiation induced only modest changes in gene expression over the dose range used (Fig. 2) . The levels of gene expression we observed were similar to those observed by others (23); however, we observed only minimal overlap of the genes that demonstrated the most significant expression changes in response to ionizing radiation. Our analyses data did not identify a large total number of genes that were responsive to ionizing radiation, perhaps due to the short time after exposure or the level of quiescence in our cell cultures. Still, using multiple analysis methods, we identified an enrichment of genes that are involved in cell cycle control, response to DNA damage, DNA repair, apoptosis and ubiquitin/proteasome pathways; however, the most telling categorization of the genes was clearly p53 responsiveness, because p53 regulates genes involved in all of these cellular pathways. The SAM, RP and 92 GSEA methods all identified groups of significantly enriched genes that demonstrated p53 responsiveness. PTM, based on the p53 target genes CDKN1A, SESN1 and NINJ1, identified additional genes that demonstrated cell type-specific responses.
Detection of gene expression changes began to be observed at 1 Gy, exposure to 5 Gy resulted in many alterations in gene expression, but we were unable to observe significant gene expression changes at 10 cGy. Detection of gene expression differences at these low doses was demonstrated by subsequent analysis by RT-PCR. The PCR results indicate that while significant responses may be difficult to detect in either cell type by microarray analysis, keratinocytes do detect a radiation dose as low as 10 cGy and respond to it by modification of RNA expression. Radiation-induced responses in fibroblasts required larger radiation doses.
While some of the genes identified in our microarray analysis and then quantified by PCR analysis did exhibit a dose dependence for low radiation doses (Figs. 4 and  7) , we must conclude that a microarray analysis of RNA extracted from primary fibroblasts or keratinocytes, and by extension from normal tissue, that had been exposed to 10 cGy would not demonstrate a change in gene expression that would be significant enough to be reliable as a predictor of low-dose exposure. However, our gene expression results were measured only at 4 h, the earliest response expected for irradiated cells. It may be that these changes observed at 4 h may lessen with increasing time after irradiation and that other changes in gene expression may occur later after exposure to ionizing radiation. Robust late changes in gene expression that occur at low doses and persist may be a better predictor of response. Alternatively, post-translational protein modifications have been observed in selective signal transduction pathways (60) . Furthermore, others have identified the time course of additional proteomic responses in the skin to ionizing radiation using a murine system (61) . Again, many of the protein alterations as a response to ionizing radiation were post-translational modifications that were identified by 2D differential gel electrophoresis and mass spectrometry.
Our results are consistent with p53 being the prime modulator of gene expression responses in keratinocytes and fibroblasts. The changes in the expression of p53 target genes are indicative of the magnitude of the response of cells to ionizing radiation. However, the distinct cell types displayed minimal overlap in the genes demonstrating a transcriptional response to ionizing radiation. In other words, even though p53 target genes dominated the transcriptional response, the epithelialderived keratinocytes and the mesenchymal-derived fibroblasts demonstrate selectivity in the particular p53 transcriptional responses. 
